New high-resolution infrared data are given for kyanite, andalusite, sillimanite, stishovite, coesite, jadeite, diopside, pyrope, andradite, and grossular. The data presented and summarized show that optic modes of vibration of silicates are spread over a range of frequencies, generally from wave numbers as low as 75 cm -x to wave numbers as high as 1200 cm -•. The far-infrared (low frequency) optic modes are particularly important in this study because they strongly influence the low-temperature heat capacity and therefore the entropy. The mid-infrared (high frequency) optic modes generally arise from the vibrations of tightly bound clusters within the structures and can generally be recognized as isolated bands in the vibrational spectrum. A method is given for enumeration of the fraction of total vibrational modes which are internal stretching modes. Inelastic neutron scattering data are reviewed to show the magnitude of anisotropy and dispersion of acoustic modes and of dispersion of optic modes in the minerals. The combined infrared, Raman, and INS data show that, excluding the stretching modes of quasi-molecular clusters within the minerals, the optic modes do not appear to follow a simple recognizable distribution, such as a Debye distribution, but are rather uniformly distributed across a broad range of frequencies.
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Mid-infrared and far-infrared spectra of coesite and stishovite. Spectrometer grating changes are shown by the arrows; offsets in the spectra at these points may be artifacts. The weak line at 140 cm -• in the coesite spectrum could not be reproduced in other runs and is therefore probably due to an impurity. See notes to Table 2 (The terminology used by spectroscopists and solid-state physicists to describe vibrational modes is inconsistent. On plots of dispersion curves, the wave vector K (in cm-•) is given versus frequency co (in radians per second) or •, (in cycles per second or terahertz). However, for optical spectra taken at K = 0 it is common to give these frequencies as wave numbers w (= co/2•rc) in cm -• or even as wavelength 3, (in micrometers). The quantity w should be called a wave number rather than a frequency. The most common convention in optical spectroscopy is to specify w; however, in INS work, frequency is given as •, or co. Hence some mixing of units is unavoidable if one attempts to use units common to the various experimental techniques.)
The mid-infrared and far-infrared data shown in Figure 1 were obtained with a Perkin Elmer 180 infrared spectrophotometer. For the mid-infrared study (1200 > w > 300 cm-•),
• 100 mg of powdered sample were mixed with 200 mg of KBr powder and pressed into disks to 20,000 psi (about 1.5 kbar) pressure under vacuum. Successive spectra obtained under the same operating conditions were reproducible to within +2 cm -•. For the far-infrared study (w < 400 cm-•), small amounts of specimen powder were mixed with Vaseline petroleum jelly on polyethylene plates. Successive spectra were taken with varying amounts of powder to obtain maximum absorption in weak features. The scanning speed was variable, generally from 5 to 10 cm-•/min, and the slit width was also variable. Mid-infrared and far-infrared spectra overlapped in the region 300-400 cm-•. Lines in this region of overlap were reproducible to +2 cm -• with the two techniques. All spectra were taken at room temperature.
General features of optical spectra of minerals and the variations of these features within mineral composition and structure are well known and will not be reviewed here. Excellent reviews are given by Lazarev [1972] , Farmer [1974a] and . The reader should note the following major features and trends important to the thermodynamic properties considered here: (1) the very broad range of frequencies spanned by the optical modes, (2) the dependence of the highest-frequency modes on the degree of polymerization of the Si-O bond, and (3) the dependence of the frequency of the lowest modes on cation-oxygen bonds. These points are discussed in detail in section 4. 
Inelastic Neutron Scattering Data
Inelastic neutron scattering data provide information about the freque.•y of both acoustic and optic modes across the Brillouin zone from 0 < K < Kmax. INS data are available for five minerals: halite, periclase, rutile, calcite, and quartz (Figure 2) . The reader should note several important features not available from optical data alone.
The behavior of acoustic modes. Acoustic modes have zero frequency at K = 0 and therefore are not included in infrared and Raman data which are taken at K = 0. INS data show the acoustic branches throughout the Brillouin zone and thus reveal the degree of anisotropy and dispersion in the branches.
The presence of modes not optically active. Some optic modes are inactive under both IR and Raman conditions, e.g., the lowest mode at 113 cm-a in rutile. This mode is especially important in consideration of the thermodynamic properties because it contributes significantly to the low-temperature heat capacity. The dispersion of optic modes across the Brillouin zone. The frequency of the optic modes changes as K increases from the zone center to the zone boundary. The frequency may either increase or decrease with increasing wave vector. The change may be slight, as it is for the highest-frequency optical modes of quartz, in which case the modes are well approximated by an Einstein oscillator, or the change may be large, as it is for the longitudinal optic branch of halite, in which case the mode is not well represented by an Einstein oscillator. The dispersion of the modes across the Brillouin zone is significant in terms of thermodynamic calculations because the modes near the Brillouin zone boundary (K = Kmax) are more heavily weighted in the frequency spectrum than those at the zone center (K = 0), as can be seen by examination of (4) in paper l [Kieffer, 1979a] .
Complete Vibrational Spectra
The complete vibrational spectra represent integrations of the individual branches over the entire Brillouin zone. Complete vibrational spectra for halite, periclase, and rutile, calculated from INS data and lattice models, are shown in Figure 3 .
Because of the dispersion of optical modes and, to a certain extent, because IR or Raman (or even the combination of infrared plus Raman) data alone give an incomplete represen- tation of the spectra, the complete vibrational spectra are more complex, and the modes are generally more evenly distributed, than would be believed from inspection of a list of modes obtained from optical data alone. This conclusion will provide the basis for an extremely simple model of the optic mode distribution in paper 3.
INTERPRETATION OF VIBRATIONAL SPECTRA
It was demonstrated in paper 1 that acoustic modes and low-frequency and high-frequency optic modes contribute to the observed deviations of silicates from Debyelike behavior. From the data presented above, the following generalizations about these three spectral regions can be drawn. Because of the selection rules (which prevent some modes from being active under infrared conditions), the infrared data taken alone must be considered to be incomplete. Even where both Raman and far-infrared data are available, there is more than the usual amount of discrepancy in spectra reported by different authors because of experimental difficulties in the low-frequency region (e.g., transparency of samples and presence of water vapor lines). Some of the discrepancies are discussed in the table and figure captions.
The presence of modes near and below 100 cm -x and their importance to thermodynamic properties have not been widely recognized, and very few data exist below 300 cm-x to provide a basis for generalizations about the far-infrared optic spectrum. As an illustration of the importance of these modes at low wave numbers, consider an example taken from paper 3: at 25øK, more than half of the heat capacity of microcline is due to low-frequency optic vibrations, and at higher temperatures (to • 100øK) the heat capacity behavior is dominated by the vibrations near 100 cm -•. In most minerals the lowfrequency optic modes have a similar relative importance.
High-Frequency Optic Modes
The highest-energy optic modes observed in the anhydrous silicate minerals are in the region 900-1200 cm -x, at wave numbers which are much larger than values obtained for acoustic Debye frequencies for silicates. For example, a Debye temperature of 0e• • 500øK would correspond, if interpreted in terms of (10) In silicates of intermediate polymerization, both mechanisms operate. The soft deformation mechanisms dominate the elastic behavior so that the acoustic velocities are relatively low, a (in (6) of paper 1) is large, and the inferred cutoff frequency (from (9) of paper 1) is relatively small. The hard deformation mechanisms dominate the high frequencies in the actual spectrum. The frequencies of vibration of the tightly bound units are thus shifted to frequencies higher than would occur in the absence of any change of effective force constant with frequency and hence are higher than the inferred In order to interpret vibrational modes of complex crystals and to distinguish between vibrations arising from hard and soft deformations, spectroscopists and molecular physicists frequently attempt to identify a priori the well-bound molecules and polyatomic clusters (such as ionic radicals) within crystals [Herzberg, 1945; Venkataraman and Sahni, 1970] . The concept of identification of clusters was developed in the treatment of isolated molecules, but since many solid-state problems are greatly simplified by the identification of clusters, it is advantageous to extend this concept as far as possible into considerations of solid substances. In this paper a 'molecule' of a substance will be taken as the group of atoms on which the chemical formula is based, and a 'molecular group' or 'cluster' as more tightly bound members of the molecule, for example, isolated SiO• -4 tetrahedra, AIO• -5 tetrahedra, CO8 -2 clusters, or structural chains, rings, or octahedra. If the groups are treated as rigid bodies (with due consideration for the coupling between various cluster units in the crystal), translational and rotational modes of the rigid bodies can be enumerated. These modes, plus translational modes of the individual ions, are the so-called 'external modes' of vibration. Effects due to nonrigidity of the molecular groups may be examined separately; these are the so-called 'internal modes.' It is useful to consider further the bond stretching and bond bending of the molecular groups separately. This concept was introduced by Mecke [1930a, b] , and is also found in the work of Herzberg [1945] , who postulated that to every bond in an isolated group there corresponds a high-frequency vibration in which it is stretched and a lower-frequency vibration in which it is bent. Although this concept was developed for isolated molecules, it will be demonstrated that it is useful to examine minerals in a similar way.
Molecular clusters can be treated as rigid bodies if the forces coupling atoms within the group are much stronger than those coupling the clusters together in the crystal [Venkataraman and $ahni, 1970, p. 411]. Experimental evidence which may be used to indicate clustering is two-fold.
1. A close similarity of the vibrational frequencies of the isolated group (e.g., in a vapor) and of the groups in the crystal is an indication that bonding within a cluster is strong in 
Two substances with cations in octahedral coordination
were examined in this study, stishovite and ruffle. In this case, all cation-oxygen bonds are shared, e.g., each oxygen with three cations. Each cluster contains, conceptually, only three particles (e.g., Si + •tO + •O + ".) and therefore has associated with it (3 X 3 = ) 9 degrees of freedom, of which ( 3 -1 -) 2 are stretching modes.
This enumeration scheme can be tested from spectral data for four minerals: quartz, calcite, zircon, and ruffle. Consider first the internal stretching modes of quartz. For the unit cell of nine atoms the above scheme predicts six internal stretching modes per unit cell; these modes account for 22% of the total degrees of freedom. The success of the enumeration scheme in predicting the fraction of modes which are internal stretching vibrations for these four minerals suggests that it may be generally useful as a method of prediction for other minerals, for example, for chain and orthosilicates in which the silica tetrahedra are more polymerized and the Si-O linkages are nonlinear. Mode partitioning values, denoted by q, for all of the minerals considered in this study are given in Table 6 .
CONCLUSIONS
General features of silicate vibrational spectra can be inferred from existing data, but for most minerals, data are insufficient to allow a detailed formulation of vibrational properties. In general, it can be inferred that there are three acoustic branches which may show considerable anisotropy and dispersion; a sine wave dispersion law approximates the behavior of these branches in a qualitative way. Optic modes span a much wider range of frequencies than would be expected by application of a Debye model. The lowest optic modes are associated with cation-oxygen bending vibrations. They generally lie above the lowest transverse acoustic mode but may overlap the higher transverse acoustic and longitudinal acoustic modes. In some cases the optic modes occur as low as 75-100 cm-1; in many cases, spectral data are not complete and the lowest-energy mode cannot be specified. Many of the higher-frequency optic modes are associated with Si-O or, in some cases, AI-O stretching vibrations and can be identified at characteristic frequencies. If molecular 'clusters' can be identified in the crystal, the fraction of total modes associated with internal stretching of the clusters can be calculated. Other than the acoustic modes and cluster stretching modes the optic modes do not appear to follow a simple recognizable distribution, such as a Debye distribution, but are rather widely dispersed across a range of frequencies. Table 1 Halite and periclase. Because of the highly ionic character of these compounds the single triply degenerate infrared-active mode predicted by simple theory is replaced by a broad band of absorption which corresponds rather closely to the restrahlen curve extending continuously from the lower-frequency transverse optic mode to the higher-frequency longitudinal mode [Farmer, 1974b, Table 2 Quartz. Data may be considered to be complete and reliable. The highest frequency modes are associated with Si-O stretching modes.
APPENDIX

Notes for
Cristobalite. The high-frequency mode distribution is similar to that of quartz. The lowest infrared mode of cristobalite _ is at 298 cm-1, much higher than the lowest vibrational mode of quartz. Raman data are not available, but INS data [Leadbetter, 1969, p. 785] show coherence effects as low as 100 cm -a, and Leadbetter attributes these effects to optic modes; it should therefore be assumed that optic modes extend lower than the lowest mode revealed by infrared data.
Silica glass. The high-frequency mode distribution of glass is similar to that of quartz and cristobalite. The lowest optically active mode is a Raman-active mode at 440 cm-L However, the Raman spectrum shows an intense continuum extending from 560 cm -• to 8 cm -1 [Flubacher et al., 1959, p. 57] .
Within this continuum are intense bands at 48, 432, and 490 cm-1, as well as the infrared band at 468 cm -1. The cause of the continuum, its similarity to the cristobalite spectrum at wave numbers above 100 cm -1, and its relation to the wellknown excess heat capacity of vitreous silica have been the subject of much controversy [Flubacher et al., 1959; Anderson, 1959; Clark and Strakna, 1962; Leadbetter, 1968] . This controversy will be examined in further detail in paper 3.
Coesite. The high-frequency mode distribution of coesite is similar to that of quartz, cristobalite, and glass. It is reasonable to assume that the modes at w > 1000 cm -1 are Si-O stretching modes. The spectrum exhibits strong infrared absorption bands down to 265 cm-1. A weak band is observed at 140 cm-1; however, it cannot be assigned unambiguously to coesite. The sample of coesite on which the spectrum was taken was naturally shocked coesite recovered by HF acid Stishovite and rutile. Stishovite and rutile are structurally similar and, in a simple model, might be expected to show vibrational differences arising solely from differences in cation properties, e.g., from mass differences. However, particularly high dipole moments are developed during vibrations involving displacement of Ti relative to O in rutile, and as a result the rutile spectrum is complex. The spectrum of stishovite is qualitatively similar to that of rutile: both have an absorption feature of considerable width isolated at high frequencies (830-1000 cm -• for stishovite and 800-900 cm -1 for rutile), a second deep feature (800-600 cm-a for stishovite and 500-370 cm -1 for rutile), and isolated lines at lower frequencies. Spectral features which may correspond (e.g., the highest bands in both spectra probably represent cation-oxygen stretching modes) are at higher wave numbers in the stishovite spectrum than in the rutile spectrum, as would be expected Table 3 Jadeitc and diopside. Relatively little spectral work has been done on jadeitc, but a vibrational mode analysis of the IR absorption spectrum of diopside has been given by Omori [1971a] Table 4 Olivine.
The Garnets (pyrope, grossular, and andradite). The compositions of the three garnets analyzed are given in Table 5 
